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Abstract. Our purpose is to identify a computational level sufficiently dependable and affordable
to assess trends in the interaction of a variety of radical or closed shell unsaturated hydrocarbons A adsorbed on soot platelet models B. These systems, of environmental interest, would
unavoidably have rather large sizes, thus prompting to explore in this paper the performances of
relatively low-level computational methods and compare them with higher-level reference
results. To this end, the interaction of three complexes between non-polar species, vinyl radical,
ethyne, or ethene (A) with benzene (B) is studied, since these species, involved themselves in
growth processes of Polycyclic Aromatic Hydrocarbons (PAHs) and soot particles, are small
enough to allow high-level reference calculations of the interaction energy ∆EAB. Counterpoisecorrected interaction energies ∆EAB are used at all stages.

(1) Density Functional Theory (DFT)

unconstrained optimizations of the A−B complexes are carried out, using the B3LYP-D, ωB97X-D,
and M06-2X functionals, with six basis sets: 6-31G(d), 6-311 (2d,p), and 6-311++G(3df,3pd); augcc-pVDZ and aug-cc-pVTZ; N07T.

(2) Then, unconstrained optimizations by MØller-Plesset

second order Perturbation Theory (MP2), with each basis set, allow subsequent single point
Coupled Cluster Singles Doubles and perturbative estimate of the Triples energy computations
with the same basis sets [CCSD(T)//MP2].

(3) Based on an additivity assumption of (i) the

estimated MP2 energy at the Complete Basis Set limit [EMP2/CBS] and (ii) the higher-order
correlation energy effects in passing from MP2 to CCSD(T) at the aug-cc-pVTZ basis set, ∆ECC-MP, a
CCSD(T)/CBS estimate is obtained and taken as a computational energy reference.
At DFT, variations in ∆EAB with basis set are not large for the title molecules, and the three
functionals perform rather satisfactorily even with rather small basis sets [6-31G(d) and N07T],
exhibiting deviation from the computational reference of less than 1 kcal mol-1. The zero-point
vibrational energy corrected estimates ∆(EAB+ZPE), obtained with the three functionals and the
6-31G(d) and N07T basis sets, are compared with experimental D0 measures, when available. In
particular, this comparison is finally extended to the naphthalene and coronene dimers and to
three π−π associations of different PAHs (R, made by 10, 16, or 24 C atoms) and P (80 C atoms).
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I. INTRODUCTION
Soot aerosol contributes in a significant way to the total mass of atmospheric aerosol. Since
the relatively disordered growing of the graphenic platelets of soot is generated in the same
combustion processes (at relatively low O2 concentrations) which bring about the formation of
polycyclic aromatic hydrocarbons (PAHs) and derivatives, these species share the same nature of
soot and can be found in association with it.1,2 The purpose of the present paper is an attempt to
set the scene to study the formation mechanism of PAHs (or soot platelets) in particular when
the growing molecular system A is adsorbed on a soot platelet B (“particle phase”). This situation
will involve in general adsorption of a growing PAH-like unsaturated system, and their interaction with small species which have the function of PAH growth building blocks. The overall size
of these composite systems, of environmental interest, would unavoidably be rather large.3
Therefore, it seems advisable to identify an affordable and sufficiently reliable computational level to describe the possible adsorption of both small molecules or PAH-like species on a
locally graphenic, “PAH-like", surface. This necessity prompts to explore the performances of
relatively low-level computational methods and their comparison with some reference higherlevel results, as those provided by a coupled cluster approach. It is obvious that this comparison
limits the size of the test complexes severely. Hence the three small-size title systems have been
selected. In the following, we will obviously focus our attention on the performances offered by
basis sets of moderate size, used in conjunction with three DFT functionals.
In the end, we will test the performances of these low-level calculations for more extended
systems, in which both π−π and CH−π interactions can be present.4 In particular, (1) the
naphthalene dimer offers a test for the computationally less expensive basis sets, since an
experimental datum is available. Then, (2) the coronene dimer will be studied, where a
comparison with benchmark calculations by Janowski and Pulay is possible.5,6,7 Finally, (3) the
association between naphthalene, pyrene, and coronene (10, 16, and 24 carbon atoms,
respectively) and a larger PAH with 80 carbon atoms will allow us to compare the energetics with
the exfoliation energy of graphite.
Typical test calculations found in the literature are run on the benzene dimer,8,9,10,11 but
other associations of aromatics have also been studied.5,6,7,12,13,14,15 Several papers have already
appeared in the literature, reporting experimental16,17,18,19 or computational results,20,21 (or
both)22 for the benzene-ethene, benzene-ethyne, or the closely related benzene-butadiyne
(diacetylene) complexes.23,24 In particular, we recall the extensive study of the benzene-ethyne
and benzene-ethene systems, carried out both experimentally and computationally by Shibasaki,
Fujii, Mikami, and Tsuzuki.25 An energy analysis for a large variety of differently oriented model
3

systems with benzene, among which systems presenting CH-π, π-π, π+-π, metal cation-π
interactions (the ethyne–benzene complex included) has also been presented by Kim and
coworkers.26 They also discussed in recent years the differences between aromatic π
interactions, aliphatic π interactions, and non-π stacking interactions by studying the dimers of
ethane, ethene, ethyne, cyclohexane, and benzene,27 then edge-to-face aromatic interactions,28
and also the interactions of DNA bases with π systems (benzene, naphthalene, graphene).29 In
fact, many theoretical studies on van der Waals (vdW) complexes between molecules have
appeared so far. We can mention in particular a review by Müller-Dethlefs and Hobza,30 and two
feature articles by Sherrill and coworkers.9,10 In more recent years, an issue of PCCP appeared,
dedicated to the subject "Stacking Interactions",31 and a Perspective issue of J. Chem. Phys. on
"Advances and Challenges in treating van der Waals Dispersion Forces in Density Functional
Theory".32 A very recent review by Riley and Hobza addresses the importance of aromatic
interactions in chemistry and biochemistry, concluding that “accurate binding energies for
aromatic complexes should be based on computations made at the (estimated) CCSD(T)/
complete basis set limit (CBS) level of theory”.33 This point is widely accepted. However, in the
past years, theoretical investigations, focused on π−π and CH−π interactions, were carried out
not only at the Coupled Cluster,34 but also at the MØller-Plesset Perturbation Theory to the
second order (MP2)35 or Density Functional (DFT)36 theory levels, in an effort to establish a
suitable reference and the reliability of the results obtained.37 In particular this last approach is
pertinent and germane to the spirit of the present study. The problem of non-covalent
interactions has been addressed by a variety of DFT approaches (DFT calculations are obviously
attractive because of their practicability). Local and semilocal (gradient corrected) implementations of DFT have been proved to fail in describing dispersion interactions correctly, mostly
giving repulsive potential energy curves.38,39 However, some functionals offered seemingly a
better performance.40,41 Moreover, various improvements of the DFT scheme have been put
forth, of which some implementations introduce an ad hoc term to take into account dispersion
forces, while other follow different approaches.42,43,44,45,46 The inclusion of empirical dispersion
terms in DFT functionals (and in semiempirical methods)47 has been reviewed recently.48
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II. METHODS
DFT functionals. The structures of the complexes are determined initially within the Density
Functional Theory (DFT),36 by fully unconstrained gradient-based energy minimizations,49 focusing on the performances of the B3LYP–D11,50,51 and ωB97X–D52 functionals, and comparing with
the M06-2X functional.42 The first two density functional models have been corrected with the
semiempirical pairwise term for dispersion, as formulated by Grimme.44b The M06-2X, instead,
has been purposely parametrized with a benchmark set of molecules that included vdW
complexes. Our choice of DFT models and semi-empirical dispersion terms was motivated by
two considerations. The first was related to computational feasibility. Thus, we discarded the
vdW density functional proposed by Langreth et al.,53 because, despite its accuracy and
theoretical appeal, vdw-DFT numerical performances are still too low to allow for large-scale
simulations. The second one was related to transferability of our results to other related
systems. Thus, we recalled to Grimme’s DFT-D approach that has proven to be very effective,
expecially for carbonaceous species.54 The effect of using a finer integration grid was explored.55
Basis sets. We used, with the mentioned functionals, the Pople basis sets 6-31G(d), 6-311G
(2d,p), and 6-311++G(3df,3pd);56 then Dunning’s aug–cc–pVDZ and aug–cc–pVTZ basis sets,57
and finally the more recently proposed N07T basis set.11 Pople’s basis sets range from double to
triple–ζ in the valence shell only, augmented by diffuse functions on both carbon and hydrogen
(++), and carry a different number of polarization functions. Dunning’s valence polar-ized double
and triple–ζ basis sets carry 3s,2p,1d or 4s,3p,2d,1f functions on C, respectively, and 2s,1p or
3s,2p,1d on H. They are augmented by diffuse functions (aug-), and one for every valence and
polarization functions in use for each atom is supplemented (e.g. the aug–cc–pvTZ basis has one
s, one p, one d, and one f diffuse functions on C, and one s, one d, and one p diffuse functions on
H). N07T is instead a valence triple-ζ quality basis set that carries single diffuse p and s functions
on C and H, respectively, and only one set of d and p polarization functions on C and H,
respectively. It was derived from the primitive set of the aug–cc–pVQZ basis set,57 by a new
contraction scheme defined on the basis of atomic DFT(B3LYP) calculations. Given the good
radial flexibility accompanied by a minimal presence of polarization functions, its performance is
expected to allow an interesting comparison between the roles of radial and angular flexibility.
The DFT(B3LYP-D)/N07T computational level has been proved to give satisfactory results for the
classical benzene dimer test case.11 The contraction scheme for each basis set is reported in the
headings of Tables 1-3, for the reader’s convenience.

Counterpoise-corrected interaction

energies ∆EAB are used at all stages (see below).
5

Reference calculations. Frozen core coupled cluster single point energy calculations34 were
also carried out, at the CCSD(T) level and using all basis sets, in correspondence of optimum
geometries obtained at the MØller-Plesset second order Perturbation Theory (MP2),35 without
constraints, with the same basis sets. In particular, CCSD(T) and MP2 energies have been used,
both with the aug–cc–pVTZ basis set, to estimate the higher order correlation energy effects
(∆ECC-MP). Then, the energy differences between MP2/aug–cc–pVTZ and MP2/aug–cc–pVQZ have
been used to obtain a Complete Basis Set (CBS) limit estimate, by using the two-term
extrapolation formula by Halkier et al.,58 which we label EMP2/CBS. Assuming additivity between
the two quantities so defined, as oftentimes accepted (see for instance refs. 10 or 26), we
estimate CCSD(T)/CBS result (details in the Supplementary Material, Section 1, Table 1S). Hence,
this estimate at CCSD(T)/CBS//MP2/aug-ccPVTZ is assumed here to represent a dependable
coupled cluster reference.59,60
Counterpoise corrections. At all stages (DFT, MP2, and CCSD(T) calculations), a counterpoise
(CP) correction was applied to get the final ∆EAB values,61 to better assess the stability of the
complexes by correcting for the basis set superposition error (BSSE). In the case of the stablest
minimum of the vinyl radical-benzene complex, DFT test were carried out to assess if the CP
correction was inclined to affect the inter-moiety distance significantly, and, as a consequence,
the CP correction itself. On the basis of the data obtained (see details in the Supplementary
Material, Section 2, Figures 2S-4S), it was decided to proceed by single-point CP energy corrections on the geometry optimized without CP. These CP-corrected ∆EAB data are represented
graphically in the Figures 2, 4, and 6, while the numerical values are compared in Tables 1-3 with
and without CP correction.
Thermochemistry. A vibrational analysis was carried out in all cases to define the nature of
the critical points, and the thermochemistry assessed. In particular, the zero-point vibrational
correction to the energy (ZPE), was used to draw, when possible, a comparison between our
computed “∆[EAB+ZPE]” values with available experimental D0 values. When the experimental
datum is not available, the CP-corrected interaction energy ∆EAB (= −De) is used to draw
comparisons within computational data.
All calculations were carried out using the GAUSSIAN09 system of programs.62 The MOLDEN
program has been exploited for the graphics.63
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III. RESULTS AND DISCUSSION
1. The molecular models.
The most widely accepted mechanism for PAH and soot growth is the “Hydrogen Abstraction
– C2H2 Addition” mechanism (dubbed HACA by Frenklach and Wang),64 which was put forward
independently by Bockhorn’s65 and Frenklach’s66 groups in the years 1983-84. Variants were also
proposed, as the Bittner-Howard mechanism.67 These mechanistic hypotheses, which involve a
growing unsaturated hydrocarbon (X−CH=CH.) radical and ethyne (acetylene), were considered
in theoretical studies of gas-phase reactions.68,69 A simple molecular model could thus involve
ethyne (the building unit) and styrenyl (X = Ph), as representative of the growing unsaturated
radical, though others can naturally be conceived. But here the necessary comparison with some
reference high-level result [e.g. CCSD(T)] mandatorily limits the size of the complexes that can be
considered. To this end, the interaction of ethyne, ethene, or the vinyl radical (representative of
the moiety A) with benzene (representative of the moiety B) is studied at DFT, MP2, and coupled
cluster. The stable geometries of their vdW complexes are investigated, mainly to compare the
performances of several computational levels, with particular attention to the less demanding
ones (interaction energies ∆EAB in Tables 1-3). These species (involved themselves in growth
processes of PAHs and soot particles) are small enough to allow high-level reference calculations
of ∆EAB. The models chosen here are indeed – forcedly – severely limited as regards the size: on
one side, benzene would stay for larger aromatics (or even soot platelets!); on the other, the
vinyl radical is the smallest representative of the growing X−CH=CH. radical, where X (here
hydrogen!) stays for the aromatic part of the growing radical.
The molecular systems chosen are all non-polar. In a series of papers, in which two of the
functionals chosen here (ωB97x-D and M06-2X) were also used, Dannenberg and coworkers
showed that, if polar interactions are present, dispersion interactions become relatively less
important.70 When induction plays an important role, as in peptides, these functional tend to
overestimate the interaction energy.71 In studying the interaction of pyridine and p-benzoquinone with a variety of geometry arrangements and functionals (among which ωB97x-D and
M06-2X, used here), they also found that functionals designed to treat dispersion behave
erratically as the predictions of the most stable structure vary considerably.72 Similarly, the
interaction of phenylalanines has been very recently investigated.73 All these systems differ from
those studied in that they are polar molecules. Our present results are to be intended as pertinent to situations where induction plays a limited role (with the possible exception of ethyne).74
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The final choice, hopefully coming from the present study, is thus expected to come from a
trade-off between dependability and feasibility, keeping in mind that larger and more realistic
systems will be too demanding for high-level approaches. We will begin by presenting the
results obtained here, at a variety of computational levels, for benzene-ethyne (§ 2) and
benzene-ethene (§ 3), for which a comparison can be drawn with previous studies. Then we will
similarly discuss the features of the benzene-vinyl radical complex (not studied so far to our
knowledge), which can be compared with those obtained for the previous systems (§ 4).
Since we are particularly interested in the performances of the three DFT functionals chosen
when used with rather small and inexpensive basis sets [6-31G(d) and N07T], we will compare
them with experimental D0 data, when available (Table 4). Finally, we are also interested in π−π
interactions (adsorption of the growing aromatic system), but the very small complexes
mentioned above are kept together, even when the geometry maximizes π−π interactions, at
best by a tiny interaction energy. Then, in almost all the relevant complexes, C−H…π interactions
are present. Then, having defined some suitable computational level, to assess its performances
when π−π interactions are dominant, we have also carried out optimizations for the stacked
naphthalene dimer. For this dimer, in which mainly dispersion forces operate, we have
compared computationally estimated and measured D0 values (Table 5). In the end, a further
test is carried out to determine the association energies between naphthalene, pyrene, or
coronene (10, 16, or 24 carbon atoms, respectively) and a larger PAH, circumcircumpyrene, with
80 carbon atoms. These are aimed to assess a trend against another experimental datum, the
exfoliation energy of graphite.
2. The benzene-ethyne complex.
Here, similarly to what was found in previous studies, two critical points on a very flat
energy surface were found upon energy minimization (Figure 1).16 In one, labeled as “⊥
⊥”, ethyne
is perpendicular to benzene, pointing one hydrogen toward the center of the ring (structure 1a).
The other critical point, labeled as “||”, sees ethyne parallel to the benzene molecular plane, and
one of the two π systems of ethyne can be thought of as pointing toward the π system of
benzene (structure 1b). In the ⊥ form 1a, which is clearly more stable, the distance between the
ethyne C closest to benzene and the benzene plane is ca. 3.5 Å. In the case of the || form 1b, the
two moieties are separated by a distance of ca. 3.5 Å, taken as the distance between the
midpoint of the ethyne carbon-carbon bond and the benzene plane.
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3.5 Å
3.5 Å

1a

1b

Figure 1
Van der Waals complexes of ethyne and benzene 1a and 1b. The || arrangement 1b is classified at some computational
level as a transition structure between two equivalent ⊥ stable structures 1a (as indicated by the curly arrows). At
other computational levels, it is classified instead as an energy minimum. In any case, just to provide some information
on the inter-moiety distance, the optimum M06-2X/aug-cc-pVTZ values for the inter-moiety distances are reported.

Figure 2 summarizes the results obtained at the various computational levels for the energy
minima 1a and 1b. Data for both structures (raw ∆EAB values together with the CP-corrected
ones) are reported in Table 1: inspection of these data shows that variations in ∆EAB estimates
with the basis set are (as expected) more moderate if CP correction is introduced. Therefore,
given that the purpose of the present study is to assess if the use of modest basis sets for large
systems can be acceptable, CP corrections appears to be mandatory. The ⊥ arrangement of the
two molecules, 1a, is described as lower in energy than the separate molecules (zero reference
level) in all cases. The DFT results are apparently less basis set dependent than CCSD(T), or MP2.
These theory levels, though, show a more regular downwards trend upon basis set extension,
with MP2 inclined to overbind (dashed lines in Figure 2). DFT data show less regular trends, as
already observed by Dannenberg and coworkers.70 In this arrangement, given the sp hybridation
of the carbon atom and the consequent significant polarity of the C−H bond,75 electrostatic
interactions are more effective than in the || arrangement. Therefore, this association has been
considered as an example of π−hydrogen bond based cluster, rather than a van der Waals
complex23,76 (see the analysis carried out in ref. 25). It is also interesting to examine, in ref. 25,
Table 2, with relevant text, where Tsuzuki and coworkers point out that dispersion is the main
contributor to the complex stability, while an electrostatic term plays a non-negligible role (in
the case of ethyne, but much less for ethene).
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benzene-ethyne (1a, )
0.0
-0.5

∆EAB (kcal/mol)

-1.0
-1.5
-2.0
-2.5
-3.0

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

6-311G(2d,p)

-4.0

6-31G(d)

-3.5

a

benzene-ethyne (1b, ||)
1.5
1.0

∆EAB (kcal/mol)

0.5
0.0
-0.5
-1.0

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

6-311G(2d,p)

-2.0

6-31G(d)

-1.5

b

Figure 2
CP-corrected stabilization energy (∆EAB = −De) of the complexes of ethyne and benzene for the 1a (⊥
⊥) and 1b (|| )
arrangements (plots a and b, respectively). Black diamonds: B3LYP-D; blue squares: ωB97X-D; green triangles: M06-2X.
Blue dashes and dashed lines: MP2. Dark red filled circles and dashed lines: CCSD(T). Missing points in b: the parallel
structure corresponds to a TS. Though the ∆EAB values displayed in a are not corrected for zero-point vibrational energy
(available only at DFT), the experimental D0 = 2.7 kcal mol-1 is reported, for sake of comparison, as a dashed gray line (see
however Table 4). Our computational reference, [CCSD(T)/CBS], is indicated by a blue continuous line located at: 1a, -2.73;
1b, -0.82. [CCSD(T)/aug-cc-pVTZ] is indicated by a dashed dark red horizontal line .
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A similar analysis was carried out by Singh et al.,26 who found, for an inter-moiety distance of
3.54 Å, an interaction energy of -2.85 kcal mol-1 at CCSD(T)/CBS. The dispersion and electrostatic
contributions were evaluated as -3.10 and -2.23 kcal mol-1, respectively.
The CCSD(T) reference was already deemed to be quite good by Shibasaki et al.,25 whose
best estimate was 2.4 kcal mol-1, in correspondence of MP2/cc-pVTZ geometries. Later papers by
Tsuzuki and others77 report an estimate of -2.8 kcal mol-1 (compare with Table 1 of ref. 80) The
experimental estimate of the interaction energy is D0 = 2.7 ± 0.2 kcal mol-1).25 We approach to
this value with our De estimates at the CCSD(T)/aug-cc-pVTZ and CCSD(T)/6-311++G(3df,3pd)
computational levels (-2.5 and -2.3 kcal mol-1, respectively). If we take CCSD(T)/CBS as a
reference for De, (for 1a, ∆EAB = -2.7), Figure 2a indicates that some DFT calculations for the ⊥ 1a
structure tend to overbind to some extent, in the order B3LYP-D > ωB97X–D > M06-2X.
In view of our goal, it is noteworthy that the two more modest basis sets, 6-31G(d) and
N07T, give a good result, especially when they are associated with the M06-2X and ωB97X-D
functionals: the observed discrepancy can be deemed acceptable. By contrast with the ⊥
arrangement, the || structure 1b is found either less stable, or more stable, than the separate
moieties, depending on the computational level. At the DFT level, B3LYP-D sets it slightly above
the zero when used with 6-31G(d). This is not the case in the other calculations, where DFT
describes it as slightly bound, by ca. 1 kcal mol-1 at most.
The || arrangement was always looked for and optimized as an energy minimum. Yet, the
harmonic vibrational analysis carried out on it (1) indicates in any case a direction in which the E
surface is exceedingly flat, and (2) produces, with some methods, one normal mode with a very
low imaginary vibrational frequency (this is indicated in Table 1 by TS, transition structure). Just
to give an example, while ν1 = 40.7 cm-1 at B3LYP-D/aug-cc-pVDZ, ν1 = 7.6 cm-1 at MP2/aug-ccpVDZ level.78 Since structures of this kind, in which dispersion forces play a major role, acquire a
larger stability as the model system increases its size, structure 1b will be not discussed any
further. Instead, the naphthalene and coronene dimers, and the π−π association between two
rather large PAHs (possibly interesting examples in which dispersion dominates) will be discussed to some extent in the last part of this section.
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DFT on van der Waals complexes

Table 1: EAB Interaction Energiesa of the vdW Ethyne-Benzene Complexes.
basis set:
b

C/H contraction scheme:
Theory level

6-31G(d)
(10s4p1d / 4s)

6-311G(2d,p)
(11s5p2d / 5s1p)

6-311++G(3df,3pd) aug-cc-pVDZ
(12s6p3d1f / 6s3p1d)

(16s5p2d / 5s2p)

N07T

(17s6p3d1f / 6s3p2d)

(12s7p1d / 7s1p)

[3s2p1d / 2s]

[4s3p2d / 3s1p]

⊥ 1a

(-4.3) -3.5

(-4.0) -3.5

(-3.6) -3.1

(-3.9) -3.1

(-3.4) -3.2

(-3.3) -3.1

|| 1b

(-1.3) 0.2

(-0.9) -0.3

(-0.7) -0.4

(-0.7) -0.4

(-0.6) -0.6

(-0.6) -0.5

⊥ 1a

(-3.6) -2.9

(-3.6) -3.2

(-3.4) -3.0

(-3.7) -3.0

(-3.1) -2.9

(-2.9) -2.8

|| 1b

TS

TS

(-1.4) -1.1

TS

(-1.2) -1.0

TS

⊥ 1a

(-3.4) -2.6

(-3.4) -3.0

(-3.7) -2.8

(-3.7) -2.8

(-3.0) -2.7

(-2.7) -2.6

|| 1b

(-1.3) -0.04

(-1.4) -0.9

(-1.5) -1.2

TS

(-1.0) -0.9

(-0.7) -0.6

⊥ 1a

(-3.6) -1.6

(-4.0) -2.8

(-4.5) -3.0

(-5.9) -2.8

(-4.4) -3.3

(-4.6) -1.7

|| 1bc

(-0.8) 0.6

(-2.0) -0.7

(-2.5) -1.5

(-3.0) -1.3

(-2.5) -1.8

(-3.1) -1.1

⊥ 1a

(-3.0) -1.0

(-3.2) -2.0

(-3.9) -2.3

(-3.9) -0.6

(-3.6) -2.5

(-4.0) -1.2

|| 1bc

(-0.3) 1.0

(-0.8) 0.4

(-1.3) -0.3

(-0.5) 0.9

(-1.2) -0.6

(-2.1) -0.2

c

[5s4p3d1f / 4s3p1d]

aug-cc-pVTZ

[4s3p2d / 3s2p]

[5s4p3d1f / 3s3p2d]

[6s4p1d / 4s1p]

arrangement

B3LYP-D:

ωB97X-D:

M06-2X:

MP2:

d

CCSD(T):

a

-1

CP-corrected energy differences (in bold) relative to the separate moieties; uncorrected values in parenthesis. Units: kcal mol .
(number of primitive gaussians of each angular momentum) → [number of contracted gaussians].
c
st
When the || arrangement corresponds to a 1 order saddle point it is indicated by TS. It is so also at the MP2 level.
d
-1
The CCSD(T)/CBS reference value is, for 1a: -2.73 kcal mol .
b
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3. The benzene-ethene complex.
Two critical points were found also in this case. The relevant structures could be dubbed
"side ⊥" (2a) and "top ⊥" (2b) (Figure 3). They correspond to structures G and F-1, respectively,
reported by Oki, Takano, and Toyota (see their Figure 1),79 who studied this system at HF, MP2,
and DFT(B3LYP) levels of theory, all with the 6-31G(d,p) basis set. In structures 2a and 2b, the
hydrogen atoms are significantly involved in the interaction. The role of the C−H…π interaction is
discussed within a comparison of the ethyne-benzene and ethene-benzene complexes in ref. 25
(compare their Figure 5). Here we can just mention again that dispersion is indicated in papers
by Tsuzuki and coworkers as the main contributor to the stability of these complexes,
accompanied by an electrostatic term, which plays for ethene a lesser role than for ethyne.20,25,
74,80

The closest C−C distance, in the case of the side ⊥ form 2a, is ca. 3.7 Å. In the top ⊥ form 2b,

in which a C−H bond points toward a benzene carbon, the distance between the hydrogen
involved in the interaction and the carbon is ca. 2.9 Å. In Table 2 of ref. 79, C-H…H-C distances of
2.65 (B3LYP) and 2.51 (MP2) Å are indicated for G, and “ethene-H…closest benzene C” distance
of 2.88 Å (MP2) is reported for F-1 (our H-H distance in 2a is 2.42 at M06-2X/aug-cc-pVTZ;
compare Table 2S in Section 3 of the Supplementary Material, and Section 6, for a more
complete set of data).

2.9 Å

3.7 Å

2a

2b

Figure 3
Complexes of ethene and benzene. The 2a (side ⊥) and 2b (top ⊥) arrangements. In both cases, to
provide some information on the inter-moiety distance, the optimum M06-2X/aug-cc-pVTZ values for
the inter-moiety distances are reported.
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benzene-ethene (side , 2a)
0.5

∆E (kcal/mol)

0.0
-0.5
-1.0
-1.5

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

6-311G(2d,p)

-2.5

6-31G(d)

-2.0

a
benzene-ethene (top , 2b)
0.0

-1.0
-1.5
-2.0

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

-3.0

6-311G(2d,p)

-2.5
6-31G(d)

∆E (kcal/mol)

-0.5

b

Figure 4
CP-corrected stabilization energy (∆EAB = −De) of the complexes of ethene and benzene for the 2a (side ⊥)
arrangement and the 2b (top ⊥) arrangement (plots a and b, respectively).
Black diamonds: B3LYP-D; blue
squares: ωB97X-D; green triangles: M06-2X. Blue dashes and dashed lines: MP2. Dark red filled circles and
dashed lines: CCSD(T). Though the ∆EAB values displayed here are not corrected for zero-point vibrational energy
(available only at DFT), the experimental D0 = 1.4 kcal mol-1 is reported for sake of comparison as a dashed gray
line (see however Table 4). Our computational reference, [CCSD(T)/CBS], is indicated by a blue continuous line, at
-1.63 for 2a, and -2.15 for 2b; [CCSD(T)/aug-cc-pVTZ] is indicated by a dashed dark horizontal red line.
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Table 2 collects the original, raw, ∆EAB data together with the CP-corrected values. It shows
again that variations in ∆EAB values upon change of basis set are, not unexpectedly, smaller if CP
correction is applied. Given the purpose of this study, CP correction is again indicated as
compulsory. In Figure 4 the stability of the complexes 2a and 2b with respect to the separate
ethene and benzene moieties (zero level) is reported. The 2b form is more stable by ca. 0.4 (or
0.5) kcal mol-1, at CCSD(T)/aug-cc-pVTZ (or CBS). Also all DFT functionals describe it as somewhat
more stable. DFT is in some cases overbinding to some extent with respect to our best De
reference, and we observe for 2a the same trend seen for the preceding case: B3LYP-D >
ωB97X–D > M06-2X. The trend is not as regular for 2b. We also notice a modest basis set
dependence of the DFT data (but not a regular trend upon basis set enlargement; compare ref.
70). By contrast, ∆EAB changes with the basis set are significantly larger at coupled cluster and
MP2,81 though these theory levels apparently exhibit some convergent behavior with basis set
extension. MP2 seems again inclined to overbind. In particular, the CCSD(T)/aug-cc-pVDZ datum
underestimates ∆EAB remarkably and departs more from the De reference than any DFT datum.
In 2a and 2b, with the more modest basis sets, especially M06-2X and ωB97X-D provide results
close to the CCSD(T)/CBS reference (-1.63 for 2a, and -2.15 for 2b) one approaching from above
the other from below. It could be compared with those from Tsuzuki’s group (benzene-ethene
interaction energy at -2.06 − -2.17 kcal mol-1). Given that the experimental estimate of the
interaction energy is D0 = 1.4 ± 0.2 kcal mol-1, the chosen reference appears to be rather good.
Our estimates at the CCSD(T)/aug-cc-pVTZ and CCSD(T)/6-311++G(3df,3pd) computational levels
are: for 2a, De = -1.5 and -1.3 kcal mol-1, respectively. For 2b they fall not as close: De = -1.9 and1.7 kcal mol-1, respectively. We can further notice that, at coupled cluster, N07T falls not far from
our chosen reference (at variance with the ethyne result for 1a). The CCSD(T) performance had
already been discussed by Shibasaki et al., whose best computational estimate was 1.7 kcal
mol-1.25
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Table 2:
basis set:
C/H contraction scheme:

b

a

EAB Interaction Energies of the vdW Ethene-Benzene Complexes.
6-31G(d) 6-311G(2d,p) 6-311++G(3df,3pd) aug-cc-pvDZ

(10s4p1d / 4s)
[3s2p1d / 2s]

Theory level

(11s5p2d / 5s1p)
[4s3p2d / 3s1p]

(12s6p3d1f / 6s3p1d)
[5s4p3d1f / 4s3p1d]

aug-cc-pvTZ

N07T

(16s5p2d / 5s2p) (17s6p3d1f / 6s3p2d) (12s7p1d / 7s1p)
[4s3p2d / 3s2p]

[5s4p3d1f / 3s3p2d]

[6s4p1d / 4s1p]

arrangement

B3LYP-D:

ωB97X-D:

M06-2X:

MP2:

CCSD(T):

a

c

side ⊥ 2a

(-3.4) -2.2

(-2.7) -2.2

(-2.3) -2.1

(-2.7) -2.1

(-2.2) -2.1

(-2.2) -2.1

top ⊥ 2b

(-3.4) -2.3

(-3.1) -2.5

(-2.8) -2.3

(-3.0) -2.3

(-2.5) -2.4

(-2.5) -2.3

side ⊥ 2a

(-2.6) -1.8

(-2.4) -1.9

(-2.1) -1.9

(-2.4) -1.9

(-1.9) -1.8

(-1.8) -1.8

top ⊥ 2b

(-3.1) -2.3

(-3.2) -2.7

(-3.0) -2.6

(-3.2) -2.6

(-2.7) -2.2

(-2.5) -2.2

side ⊥ 2a

(-2.3) -1.4

(-2.1) -1.6

(-1.9) -1.6

(-2.2) -1.6

(-1.7) -1.5

(-1.5) -1.4

top ⊥ 2b

(-2. 8) -1.9

(-2.9) -2.4

(-2.9) -2.4

(-3.1) -2.3

(-2.4) -2.2

(-2.1) -1.9

side ⊥ 2a

(-1.6) -0.5

(-2.1) -1.1

(-2.2) -1.5

(-2.8) -1.4

(-2.4) -1.7

(-2.8) -1.5

top ⊥ 2b

(-2.4) -0.7

(-3.3) -1.9

(-4.0) -2.5

(-5.0) -2.2

(-3.7) -2.7

(-3.8) -2.2

side ⊥ 2a

(-1.4) -0.4

(-1.9) -0.8

(-2.0) -1.3

(-1.3) 0.1

(-2.1) -1.5

(-2.5) -1.2

top ⊥ 2b

(-1.9) -0.3

(-2.5) -1.1

(-3.2) -1.7

(-2.9) 0.0

(-3.0) -1.9

(-3.2) -1.5
-1

CP-corrected energy differences (in bold) relative to the separate moieties; uncorrected values in parenthesis. Units: kcal mol .
(number of primitive gaussians of each angular momentum) → [number of contracted gaussians].
c
-1
The CCSD(T)/CBS reference values are, for 2a, -1.63, and 2b, -2.15 kcal mol .
b
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4. The benzene-vinyl radical complex.
We will label as “perpendicular” ( ⊥ ), collectively, those arrangements in which the two π
systems are “perpendicular” in an approximate way, i.e. where vinyl interacts with benzene
mostly with one hydrogen (Figure 5, structures 3a-3d). The parallel minimum (||) of the vinyl
radical-benzene association is defined as that presenting the direct interaction of the two π
systems, which point one towards the other (structure 3e in Figure 5). A measure of the
closeness between the two moieties can be indicated, in 3a-d, by the distance between the vinyl
hydrogen more involved in the interaction and the closest carbon in benzene (2.8 – 2.9 Å).82
Structure 3e is found only with the B3LYP-D functional, since the optimization ends up in one ⊥
minimum when using the other two functionals; in this case we could look at the closest C−C
distance, ca. 3.6 Å. Structure 3e is described as bound by ca. 1 kcal mol-1 with the largest basis
sets. Table 3 collects the CP-corrected ∆EAB data displayed in Figure 6 together with the raw
data. They confirm again that variations in ∆EAB’s with basis sets are less important if the CP
correction is applied, thus strongly suggesting this procedure within the intention of the present
study. The different ⊥ complexes 3a-d are lower in energy than the separate systems with all
functionals, and are endowed with comparable stability (Table 3), with complex 3a slightly more
stable in most cases. At CCSD(T)/aug-cc-pVTZ the 3a form is the most stable, by ca. -2.8 kcal
mol-1. Also B3LYP-D and ωB97X–D describe it as the most stable (at -2.6 and -3.0 kcal mol-1), but
M06-2X, though setting it at -3.0 kcal mol-1, puts 3d slightly lower, at -3.1 kcal mol-1.
All DFT functionals show a modest basis set dependence. As noted before, the coupled
cluster data are by contrast more basis set dependent, though they appear to converge clearly to
an asymptote from above. DFT is in most cases somewhat overbinding with respect to our best
De reference, CCSD(T)/CBS, with both overbinding and basis set dependence more pronounced
for 3d. The values obtained by the different functionals are rather close one to the other for 3ac, while in 3d we observe the opposite trend with respect to the preceding case: B3LYP-D <
ωB97X–D < M06-2X, with a larger dispersion of data. As in the preceding case, ∆EAB changes with
the basis set are significantly larger at coupled cluster and MP2, though they show some
convergent behavior with basis set extension, and a MP2 tendency to give too negative values,
as in the preceding cases. In particular, we note that the CCSD(T)/aug–cc–pVDZ datum
underestimates ∆EAB significantly and in most cases moves off from the De reference more than
any DFT result. In the Supplementary Material, Section 4, the atomic spin densities are reported
together with the expectation values of the total spin operator. It can be seen there that only
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tiny spin polarization effects (or none) are induced by the vinyl radical into the interacting
benzene.

2.8 Å

2.9 Å

3a

2.8 Å

3b

2.9 Å
2.9 Å

3c

3d

3.6 Å

3e

Figure 5
Complexes of the vinyl radical and benzene, labeled as structures 3a-e. For 3a-d, to provide some information on
the inter-moiety distance, the optimum M06-2X /aug-cc-pVTZ values for the distance between one vinyl atom and
one benzene carbon are reported. For 3e, not found at M06-2X and ωB97X-D, the B3LYP-D value is reported
(italic).
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∆E (kcal/mol)

∆E (kcal/mol)

benzene-vinyl radical (3a)

N07T

0.0

aug-cc-pvTZ

-0.5

N07T

aug-cc-pvDZ

-1.0

aug-cc-pvTZ

6-311++G(3df,3pd)

a

b
aug-cc-pvDZ

benzene-vinyl radical (3b)

6-311++G(3df,3pd)

-1.5

6-311G(2d,p)

-2.0

6-311G(2d,p)

-2.5

6-31G(d)

-3.0

-3.5

0.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0
6-31G(d)
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benzene-vinyl radical (3c)
0.0
-0.5

∆E (kcal/mol)

-1.0
-1.5
-2.0
-2.5

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

6-311G(2d,p)

-3.5

6-31G(d)

-3.0

c
benzene-vinyl radical (3d)
0.0
-0.5

∆E (kcal/mol)

-1.0
-1.5
-2.0
-2.5

N07T

aug-cc-pvTZ

aug-cc-pvDZ

6-311++G(3df,3pd)

6-311G(2d,p)

-3.5

6-31G(d)

-3.0

d

Figure 6
CP-corrected stabilization energy (∆EAB) of the 3a-d complexes of vinyl and benzene. Black diamonds: B3LYP-D;
blue triangles: M06-2X; blue squares: ωB97X-D. Blue dashes: MP2. Dark red filled circles: CCSD(T). Our
computational reference, [CCSD(T)/CBS], is indicated by a blue continuous line, located at: 3a, -2.38; 3b, -2.04;3c, 2.30; 3d,-2.11. [CCSD(T)/aug-cc-pVTZ] is indicated by a dashed dark red horizontal line.
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Table 3:
basis set:

B3LYP-D:

ωB97X-D:

M06-2X:

MP2:

c

CCSD(T):

a

EAB Interaction Energies of the vdW Vinyl Radical-Benzene Complexes.

arrangement

6-31G(d)
(10s4p1d / 4s)
[3s2p1d / 2s]

⊥ 3a

(-3.5) -2.6

(-3.3) -2.7

(-2.9) -2.5

(-3.1) -2.6

(-2.8) -2.7

(-2.8) -2.7

⊥ 3b
⊥ 3c

(-3.2) -2.3

(-2.9) -2.4

(-2.7) -2.3

(-2.9) -2.3

(-2.5) -2.4

(-2.4) -2.3

(-3.6) -2.4

(-3.3) -2.6

(-2.9) -2.5

(-3.0) -2.4

(-2.7) -2.5

(-2.6) -2.5

⊥ 3d
|| 3e

(-3.3) -1.9

(-2.8) -2.2

(-2.5) -2.1

(-2.7) -2.0

(-2.5) -2.4

(-2.4) -2.3

(-1.4) -0.2

(-1.6) -0.9

(-1.3) -1.4

(-1.3) -1.0

(-1.7) -1.5

(-1.6) -1.5

⊥ 3a
⊥ 3b

(-3.6) -2.7

(-3.6) -3.1

(-3.4) -2.8

(-3.5) -3.0

(-3.0) -2.9

(-2.8) -2.7

(-2.9) -2.0

(-2.9) -2.5

(-2.8) -2.4

(-3.0) -2.4

(-2.5) -2.3

(-2.3) -2.0

⊥ 3c
⊥ 3d

(-3.4) -2.5

(-3.4) -2.9

(-3.2) -2.7

(-3.4) -2.8

(-2.9) -2.7

(-2.7) -2.3

(-3.0) -2.0

(-3.1) -2.6

(-3.0) -2.5

(-3.2) -2.6

(-2.6) -2.4

(-2.3) -2.3

⊥ 3a
⊥ 3b

(-3.5) -2.4

(-3.6 -3.0

(-3.5) -3.0

(-3.6) -3.0

(-3.0) -2.8

(-2.7) -2.6

(-2.6) -1.8

(-2.6) -2.2

(-2.6) -2.2

(-2.9) -2.2

(-2.2) -2.0

(-2.0) -1.7

⊥ 3c
⊥ 3d

(-3.2) -2.2

(-3.3) -2.6

(-3.3) -2.8

(-3.4) -2.8

(-2.8) -2.6

(-2.5) -2.2

(-3.5) -2.3

(-3.7) -3.1

(-3.6) -3.1

(-3.8) -3.1

(-3.1) -2.9

(-2.8) -2.7

⊥ 3a
⊥ 3b

(-2.7) -1.1

(-3.6) -2.2

(-4.2) -2.8

(-5.1) -2.5

(-4.0) -3.0

(-4.1) -2.4

(-2.3) -0.9

(-3.1) -1.9

(-3.7) -2.4

(-4.8) -2.1

(-3.6) -2.6

(-3.6) -2.2

⊥ 3c
⊥ 3d

(-2.4) -0.8

(-3.4) -2.0

(-3.9) -2.6

(-4.9) -2.3

(-3.8) -2.8

(-3.8) -2.2

(-2.2) -0.6

(-3.2) -1.8

(-3.8) -2.4

(-4.8) -2.1

(-3.6) -2.6

(-3.6) -2.1

⊥ 3a
⊥ 3b

(-2.2) -0.6

(-2.8) -1.5

(-3.5) -2.1

(-4.3) -1.7

(-3.2) -2.2

(-3.5) -1.8

(-1.9) -0.5

(-2.4) -1.2

(-3.0) -1.7

(-4.1) -1.4

(-2.9) -1.9

(-3.0) -1.6

⊥ 3c
⊥ 3d

(-2.0) -0.4

(-2.7) -1.3

(-3.3) -2.0

(-4.3) -1.6

(-3.1) -2.1

(-3.3) -1.7

(-1.9) -0.3

(-2.5) -1.2

(-3.2) -1.7

(-4.2) -1.4

(-2.9) -2.0

(-3.1) -1.5

C/H contraction scheme:
Theory level

a

b

6-311G(2d,p)
(11s5p2d / 5s1p)
[4s3p2d / 3s1p]

6-311++G(3df,3pd)
(12s6p3d1f / 6s3p1d)
[5s4p3d1f / 4s3p1d]

aug-cc-pvDZ
(16s5p2d / 5s2p)
[4s3p2d / 3s2p]

aug-cc-pvTZ
(17s6p3d1f / 6s3p2d)
[5s4p3d1f / 3s3p2d]

N07T
(12s7p1d / 7s1p)
[6s4p1d / 4s1p]

-1

CP-corrected energy differences (in bold) relative to the separate moieties; uncorrected values in parenthesis. Units: kcal mol .
b
(number of primitive gaussians of each angular momentum) → [number of contracted gaussians]
c
-1
The CCSD(T)/CBS reference values are 3a, -2.38; 3b, -2.04; 3c, -2.30; 3d, -2.11 kcal mol .
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5. Performances of the smaller basis sets.
5.1 De comparison with coupled cluster reference.
As stated, our main focus is on the DFT performances with those basis sets, which are most
affordable when large systems are studied. Hence we will presently comment on the (CP corrected) performances of the less flexible but also less demanding basis set, 6-31G(d), in Figure 7a,
and those of the sp-richer but still not too expensive basis, N07T, in Figure 7b. These are
displayed as deviations (∆∆EAB) from the best computational reference here available,
CCSD(T)/CBS. The CCSD(T)/CBS values used to draw the plots are: 1a, -2.73; 2a, -1.63; 2b, -2.15;
3a, -2.38; 3b, -2.04; 3c, -2.30; 3d, -2.11. The following features can be observed (compare lines
of the same color). The variations are less than 1 kcal mol-1 for any DFT method. B3LYP-D (black)
is mostly overbinding, with one exception (3d). With 6-31G(d) B3LYP-D spans the range -0.73 to
0.21 (3d); with N07T it is narrower, -0.47 to -0.19 kcal mol-1. The same, but to a lesser degree,
can be stated for ωB97X-D (blue), which spans with 6-31G(d) the range -0.33 to 0.07 kcal mol-1,
thus exhibiting more moderate variations, and with N07T from -0.34 to 0.06 kcal mol-1). M06-2X
(green) shows more often variations in excess, ranging from -0.07 to 0.29 kcal mol-1, with 631G(d), and from -0.58 to 0.38 with N07T. If the goal, in dealing with very large systems, is
assessing trends rather than the accuracy of the single result, even small basis sets could be
acceptable, and the results provided by this approach could be deemed as overall rather
encouraging. Though we are aware that we have not explored a wide set of cases, the indication
emerging from this study are somewhat in favor, when choosing 6-31G(d), of the M06-2X and
ωB97X-D functionals; with N07T, of ωB97X-D.
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Figure 7
Deviation in complex stabilization energy (∆∆EAB at DFT, in kcal mol-1) from the chosen computational
reference, CCSD(T)/CBS (abscissa axis) reported for each complex, as indicated by the labels. (a): 6-31G(d) basis
set. (b): N07T basis set. Black diamonds and lines: B3LYP-D. Green triangles and lines: M06-2X. Blue squares
and lines: ωB97X-D.

5.2 Comparison with experimental D0 data.
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Benzene-ethyne and benzene-ethene. The experimental results (D0) available so far (to our
knowledge) are reported in Table 4 and compared with the D0 estimates for the most stable
complex structures of the ethyne and ethene complexes with benzene. These data are displayed
in Figure 8. Their computed D0 estimates come from the CP- and ZPE-corrected DFT energy
differences, ∆[EAB+ZPE], provided by the 6-31G(d) and N07T basis sets. The comparison is
drawn, for each system, only for the most stable structures. For 1a (ethyne-benzene) and 2b
(ethene-benzene), B3LYP-D provides estimates which are within the experimental error bars if
6-31G(d) is used (bold figures), while they are less in accord if N07T is chosen. With ωB97X–D,
the requirement of falling within the experimental error bars is saytisfied only for 2b, with N07T
(bold figure). When using M06-2X, it is met with both basis sets, again, only for 2b (bold figure)
In Table 4 we have reported also CCSD(T) ∆EAB data. CCSD(T) had been already validated as a
reliable computational reference in different studies (see for instance ref. 25), and this fact may
be particularly beneficial in cases, as the vinyl radical-benzene complex, for which no
experimental data are available.
-1

experimental D0
-1.5

-2

-2.5

experimental D0
-3

-3.5

6-31G(d)

N07T

ethyne-benzene

6-31G(d)

N07T

ethene-benzene

-4

Figure 8

Stabilization energy ∆[EAB+ZPE], in kcal mol-1, for the the ethyne-benzene 1a (left two columns) and ethene-benzene 2b
(right two columns) complexes. Black lines: experimental D0 data; dashed lines hint to the relevant error bars. Dashed
segments: raw ∆EAB results; continuous segments: CP-corrected ∆EAB results. Red: B3LYP-D results. Green: M06-2X results.
Blue: ωB97X-D results. For all functionals: first and third columns of segments: 6-31G(d)//6-31G(d); second and fourth
columns: N07T//N07T.
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It has been sometimes suggested that the CP correction can in some cases prove excessive
(though the argument has been debated),10,61b,83 especially with moderate-size basis sets.84 Kim
has drawn attention toward the procedure of not applying it fully (e.g. by recommending a 50%
correction, though at the same time suggesting caution).85 We have tested this empirical
damping of the correction, which we expect to work only if the raw and CP-corrected values
happen to take in between the experimental measure in an approximately symmetrical way (see
details in the Supplementary Material, Section 7).
The naphthalene dimer. It has been often stated that, if the basis set is not flexible enough, the
dispersion forces cannot be represented accurately, and the computation will be presumably
biased in favour of perpendicular arrangements, with C−H…π interactions, in which other forces
can operate significantly. However, for very small systems, as those just discussed, a parallel
arrangement has in any case very little stability, with any basis set. Therefore we have also
addressed the case of π−π interactions.4 To begin with, we have carried out, at the same
computational levels, some optimizations for the stacked naphthalene dimer (distorted crossed
geometry), in which mainly dispersion forces operate. The relevant data are collected in Table 5.
In line A, our ∆[EAB+ZPE] estimates can be compared with the experimental D0 value.86 In
particular, B3LYP-D and M06-2X give, with the less extended basis 6-31G(d), values which fall
within the experimental error bar (bold figures). In addition, since a computational “benchmark”
datum by Janowski and Pulay is available,5 we have also drawn a comparison (line B) between De
values. Here, is the ωB97X-D/6-31G(d) combination to fall close, with ∆EAB = -6.0 kcal mol-1, to
their best estimate, which is -6.1 kcal mol-1. Also other computational estimates can be
compared with our results. 87,88,89
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Table 4: Comparison of computed and experimental D0 interaction energies.
Functional:
basis set:

a

a

ωB97X-D

B3LYP-D

a

M06-2X

CCSD(T)
CBSc

a

DFT ZPE correctionsc
B3LYP-D ωB97X-D M06-2X experimental
aug-cc-pVTZ
D0b

6-31G(d)

N07T

6-31G(d)

N07T

6-31G(d)

N07T

Ethyne-benzene 1a

-2.7

-2.3

-2.4

-2.2

-2.2

-1.7

-2.7

+ 0.59

+ 0.47

+ 0.69

2.7 ±0.1

Ethene-benzene 2b

-1.6

-1.8

-1.8

-1.5

-1.3

-1.5

-2.2

+ 0.99

+ 0.79

+ 0.78

1.4 ±0.2

Vinyl-benzene 3a

-1.6

-1.8

-1.9

-2.1

-1.7

-1.9

-2.4

+ 0.86

+ 0.83

+ 0.97

−

a

∆[EAB+ZPE] for the most stable structures: they are CP-corrected ∆EAB values (= -De), to which the ZPE correction is applied . They are relative to the
separate moieties, and can be compared to the experimental D0. Units: kcal mol-1.
b
D0 value: see ref. 25.
c
∆EAB (= -De) values. To allow a loose comparison of coupled cluster results with experimental data for ethyne end ethene, D0 might
be estimated by adding the reported DFT ZPE differences obtained by the three functionals to the CCSD(T)/CBS ∆EAB (figures in italic).

Table 5: Naphthalene dimer. Comparison of interaction energies with: (A) experimental data; (B) benchmark computed data.
Functional:
basis set:
∆[EAB+ZPE]

b

B (∆EAB) and ∆EAB

a

A

ωB97X-D

B3LYP-D
6-31G(d)

N07T

6-31G(d)

N07T

-3.8

-5.6

-5.5

-6.4

M06-2X
6-31G(d)
-3.7

c

experimental D0
N07T
-5.0

2.9 ±0.9
Janowski & Pulay(ref.4)

(-8.3) –4.2

(-5.9) –5.2

(-8.9) -6.0

(-7.4) -7.0

(-7.3) –4.0

(-5.8) –5.2

-6.1

a

Line A: ∆[EAB+ZPE] are CP-corrected ∆EAB values, to which the ZPE correction is applied, to compare with the experimental D0 value.
Line B: raw ∆EAB values in parenthesis, followed on the right by CP-corrected values, which provide an estimate to -De, to be
compared with the benchmark datum from ref. 4.
c
D0 value: see ref. 86.
b
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-3.0
-4.0
-5.0
-6.0
-7.0
-8.0
-9.0

6-31G(d)

N07T

-10.0

Figure 9
-1

Complex stabilization energy (∆EAB, in kcal mol ) for the naphthalene dimer. Black line: Janowski and Pulay best
estimate (ref. 7), taken as reference. Dashed segments: raw results; continuous segments: CP-corrected results.
Red: our B3LYP-D results. Green: our M06-2X results. Blue: our ωB97X-D results. For all functionals: left 6-31G(d)//
6-31G(d); right: N07T//N07T.

We can recall here that the DFT(B3LYP-D) approach was proposed11 and its performances
discussed for the benzene dimer (a classical test case). As regards the estimate of D0 obtained
at this level in conjunction with the N07T basis set, the obtained values, ranging from 2.1 to 2.6
kcal mol-1, compared satisfactorily with the experimental estimate (2.4 ±0.4 kcal mol-1).86 The
benzene dimer was also studied with the M06-2X functional, giving values of 2.8 and 3.7 kcal
mol-1 (with and without CP, respectively).42
We can finally note that, on the basis of the present results, multiple polarization functions
of higher angular quantum number seem to be not too effective, whilst enhancement of the
radial polarization through enrichment of the sp part of the basis set (or its less severe
contraction) is helpful in providing a smaller BSSE in the case of π−π interactions (see Figure 9
and compare also the full set of results reported in the Tables 1, 2, and 3). This effect is flanked
by a lowering of the CP-corrected estimate of ∆EAB (arrows). A greater stabilization does not
translate to a more correct estimate, though, as can be seen in the case of the ωB97X-D
functional (continuous blue segments).

27

5.3 A further De comparison with a computational benchmark: The coronene dimer.
We have also carried out unconstrained optimizations for the coronene dimer (in its
parallel displaced arrangement), in which, again, mainly dispersion forces operate. In Figure 10
we display some calculations, commented hereafter, together with similar results by Zhao and
Truhlar at DFT(M06-2X) (red segments).13 High-quality calculations by Janowski and Pulay5,6,7
are again available, which allow a comparison with our “inexpensive” results (black line, taken
as a reference): their best ∆EAB value, obtained at the QCISD(T)/aDZ level (inter-moiety distance
optimized by using DFT(B3LYP)/aug-cc-pVTZ monomer geometry), is -20.0 kcal mol-1. We report
in the following raw values in parenthesis, followed by CP-corrected values. The functional
ωB97X–D (blue segments)with N07T gives (-24.1) -22.4 kcal mol-1, and with 6-31G(d) (-26.7)
-20.8, which could be seen as rather close to their value. Rather surprisingly, when using M062X (green segments), a worse result is obtained: (-17.8) -15.5 with N07T, and (-19.7) -13.2 kcal
mol-1 with 6-31G(d).
-12.0
-14.0
-16.0
-18.0
-20.0
-22.0
-24.0
-26.0
-28.0

6-31G(d)

6-311G(2d,p)

N07T

Figure 10
-1

Complex stabilization energy (∆EAB, in kcal mol ) for the coronene dimer. Black line: Janowski and Pulay best estimate
(ref. 7), taken as reference. Dashed segments: raw results; continuous segments: CP-corrected results. Red: Zhao and
Truhlar at DFT(M06-2X) results (ref. 13, Table 3). Green: our M06-2X results. Blue: our ωB97X-D results. For all
functionals: left 6-31G(d)//6-31G(d); center: 6-311G(2d,p)//6-31G(d); right: N07T//N07T.
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To probe the basis set dependence of the two sets of results, we have also carried out
single point 6-311G(2d,p) energy evaluations at the 6-31G(d) optimum geometries (center, blue
and green segments).90 The arrows emphasize that a significant basis set dependence of the
results is found for this larger system (the sequence is [3s2p1d / 2s] → [4s3p2d / 3s1p] →
[6s4p1d / 4s1p] as regards the contracted gaussians). By changing in a parallel fashion, one of
the functionals (M06-2X) improves its performance, while the other (ωB97X–D) gets worse:
M06-2X/6-311G(2d,p)//6-31G(d) gives (-20.47) -16.61 and ωB97X–D/6-311G(2d,p)//6-31G(d)
gives (-20.47) -16.61 kcal mol-1.

5.4 The association of two different PAHs.
We can futher test the performances of the most “inexpensive” computational levels
[M06-2X/6-31G(d) and ωB97X-D/6-31G(d)] by studying the π−π association of a first smaller
PAH, coronene, made by 24 carbon atoms and labeled R24, to another larger PAH,
circumcircumpyrene, made by 80 carbon atoms (P80), large enough to allow a bordered
projection of R24 onto it. The R24:P80 association is sketched below (Figure 11). If we aim to
get in the complex a projection of the first PAH onto the second one well within its perimeter
(bordered projection), an ample enough bordering is suggested by the tendency of two PAHs to
slide to some extent one onto the other with respect to a fully eclipsed arrangement. This
slipping (accompanied possibly by some reorientation, see for instance ref. 88) can take place in
different manners, and we report here the most stable situation. The CP- and ZPE-corrected
energy change associated to cluster formation, ΔER:P, divided by the number of carbons
contained in R, can provide a value “per C atom” that can be considered typical of R, ΔEC(R). It is
probably the most important contribution to the interaction, since it is related to those parts of
the two molecules that are directly superimposed. This presumably major component of
interaction is seen as “perpendicular” to the (approximate) molecular planes. Bordering can be
expected to produce oblique interactions and a further contribution to the interaction energy.
In fact, though probably smaller, they induce some curvature in P80 (in correspondence of
which, a deformation energy in P80 is estimated to be only +0.7 kcal mol-1). In Figure 11,
perpendicular interactions in coronene:circumcircumpyrene are symbolically indicated by a few
double-headed arrows. Within this setting, ΔEC(R) values are approximately defined by dividing
the interaction energy by the number of carbons contained in the smaller PAH. Similarly, ΔHR:P
and ΔHC(R24) (enthalpies) can be assessed.
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Figure 11
The R24:P80 complex

By the same approach, two smaller systems have been studied too, to see some trend in
the energy and enthalpy computed values. These systems are R10:P80 (naphthalene:circumcircumpyrene) and R16:P80 (pyrene:circumcircumpyrene).
By proceeding along this line, we find (full set of data in the Supplementary material,
Section 5) when using M06-2X values in the range ∆EC = -0.94 to -0.97 (∆HC = -0.90 to -0.94)
with full CP correction and taking into account the ZPE.
One can than compare, with due prudence, the estimates (by changing the sign) with the
exf

exfoliation energy per carbon atom (∆EC ) typical of graphite.91

exf

∆EC was estimated experi-

mentally by Zacharia, Ulbricht, and Hertel as 1.20(±0.12) kcal mol-1.92 Hence, M06-2X/6-31G(d)
approaches this 1.08-1.32 range from below, while ωB97X-D estimates seem to be too large.
However, if we extend the comparison to Janowski and Pulay’s best computational
estimate for the interaction energy between coronene and circumcoronene (-32.1 kcal mol-1),
we find that their estimate for coronene on a graphite surface was -37.4 kcal mol-1, which
translates to a value estimated by those Authors higher than the experimental one, i.e.
-1.56 kcal mol-1 per C atom.6 ωB97X-D would be put under a more favourable light, in this case.
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IV. CONCLUSIONS
The purpose of our exploration admittedly stands in some contrast with the usual
recommendation that a large basis set with multiple polarization functions is necessary to get
accurate results for vdW association energies. But we have to consider that, in dealing with
large systems, rather than aspiring to get a significant accuracy on the single datum, we will
rather aim to define dependable trends.
Therefore, we have examined the performances of three DFT functionals (B3LYP-D, ωB97XD, and M06-2X) in association with a variety of basis sets, in providing estimates of the CPcorrected complexation energy, ∆EAB (= -De) for fully optimized complexes. The De estimates
have been compared with CCSD(T)/CBS values (extrapolation to the “complete basis set”, CBS)
results, taken as our computational reference (see Figure 7). We could define such a reference
only for small complexes, namely those of ethyne, ethene, or the vinyl radical with benzene.
All DFT functionals show a modest basis set dependence of the ∆EAB estimates, while the
coupled cluster data are, by contrast, more basis set dependent, though they appear to
converge towards a limit. The same can be said for the MP2 results; however MP2 tends, upon
basis set extension, to overbind (see Figures 2, 4, 6).
We have been interested especially to the performance of DFT functionals with basis sets
of limited extension, as 6-31G(d) and N07T. They produce, for the title complexes, ∆EAB
estimates which span a range δ around the CCSD(T)/CBS reference of somewhat less than 1 kcal
mol-1, at most. In particular, B3LYP-D is mostly overbinding with both basis sets, with δ = 0.94
[6-31G(d)], δ = 0.28 [N07T]; M06-2X is mostly overbinding with 6-31G(d), with δ = 0.36, while
with N07T δ = 0.96; ωB97X-D is mostly overbinding with both basis sets, with δ = 0.40 for both
(see again Figure 7).
Then, we focused on the performances of the three functionals, with the 6-31G(d) and
N07T basis sets only, comparing our computed D0 estimates for the most stable structures
(obtained by adding the zero-point vibrational correction to the CP-corrected ∆EAB values) with
available experimental D0 values (Table 4, first two lines). The results for the complexes
benzene-ethyne and benzene-ethene are rather sparse, in the sense that, depending on the
system, one or the other computational level performs best. The computed D0 values fall within
the experimental error bar for the experimental D0 in 5 cases out of 12.
A similar test was then carried out on the naphthalene dimer, in an approximately C2 π−π
arrangement (Table 5). Here we found our best estimates at B3LYP-D and M06-2X, both with
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6-31G(d): at those levels, our computational naphthalene dimer D0 result falls within the
experimental error bar. Also a high-quality computation was available in this case, and the
ωB97X-D/6-31G(d) combination is the one which falls the closest. Similarly, we could compare
a high-quality calculation for the (π−π) coronene dimer, and again is the ωB97X-D/6-31G(d)
combination which gives the best result, very close to the benchmark.
As a final test, we studied three different π−π associations between two PAHs of different
size at M06-2X/6-31G(d) and ωB97X-D/6-31G(d), with the purpose of drawing a comparison
exf

with the exfoliation energy per C atom (∆EC ) determined experimentally for graphite. These
are R10:P80 (made by naphthalene interacting with circumcircumpyrene), R16:P80 (pyrenecircumcircumpyrene), and R24:P80 (coronene-circumcircumpyrene). The R:P interaction
energies (sign inverted), divided by the number of C atoms in the smaller component, are
exf

expected to approximate in some way ∆EC . M06-2X/6-31G(d) approaches the experimental
1.08-1.32 kcal mol-1 per C atom range from below, whilst ωB97X-D estimates seem to be too
large.
The results collected in this study encourage to deal with large systems at DFT, further
exploring the use of either the B3LYP-D, the ωB97X-D, or the M06-2X functionals, in conjunction
with a modestly-sized basis set. From the far from complete comparison reported above,
DFT(M06-2X)/6-31G(d) or DFT(ωB97X-D)/6-31G(d) might emerge as possible functional/basis
set combinations of choice to assess trends within large systems.
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